In order to predict the future state of friction torque of satellite momentum wheel bearings, firstly, the 450 original data of bearing friction torque were obtained by experiment and the data were divided into 15 groups. Secondly, variation intensity and reliability of each group were calculated based on the grey confidence level and the closest 5 variation intensities were linearly fitted based on the bootstrap-least square method and the estimated truth values and intervals of variation intensity and reliability were obtained based on the maximum entropy method. Finally, the dynamic prediction was realized and prediction error is not more than 4.2%.
Introduction
As long as the inner and outer rings of rolling bearings rotate relatively, friction resistance will occur inside the bearing to prevent the relative rotation of the inner and outer rings. In order to overcome the friction resistance inside the bearing, the friction torque is the additional torque needed to make the inner and outer rings rotate relatively [1] [2] [3] . Satellite momentum wheel bearings not only require small friction torque, but also require the stability of friction torque. Therefore, as an important performance index of satellite momentum wheel bearings, the variation of friction torque can reflect the running condition of the bearings [4] [5] .
However, the probability distribution [6] of friction torque is still uncertain and unknown, which belongs to non-stationary stochastic process and uncertainty problem. And correlation assessment and prediction under the condition of unknown probability distribution and small sample are the fundamental difficulties of classical statistics [7] [8] [9] . Therefore, a mathematical model accurately predicting the friction torque reliability of bearings has an important significance to reduce the possibility of bearing accidents during normal service and ensure the quality of satellite and other space bearings [10] .
Experimental Process
The 450 data of frictional torque of momentum wheels are measured by experiment and measurement interval is 1 day, which are shown in Figure 1 . The data are grouped into X 1 -X 15 and sample content is N=30(1 month). Taking X 1 as an intrinsic sample, the variation intensities of X 1 -X 15 are shown in Table 1 . Table 1 The variation intensity of X 1 -X 15 . From Table 1 and Table 2 , the per month variation intensity of friction torque is less than 0.1, and the reliability is above 91%, which indicates the bearing maintains stable and excellent operation during these 15 months.
Then, the variation intensities λ 1 -λ 5 are used to predict variation intensity of the 6th month, and the prediction value is compared with the actual value λ 6 . Firstly, taking q=5 and B=10000, λ 1 -λ 5 are bootstrap resampled to obtain V b . Then the least square solution coefficient vector a and c are obtained, shown in Figure 2 and Figure 3 . In order to obtain the estimation truth value a 0 and the upper and lower intervals [a L , a U ] of the vector a, firstly, the discrete data in Figure 2 is serialized, and probability density function f(a) is obtained through Eq. (26) Table 3 . the prediction value and upper and lower intervals of friction torque variation intensity for the 6th months can be calculated. Then, combined with the Eq. (18), the prediction value of reliability for this month can be obtained. Similarly, the reliability of the 7th month can be obtained by predicting the variation intensity and upper and lower interval of this month through λ 2 -λ 6 . In this way, constantly abandoning old data and introducing new data, the maximum entropy assessment results of bootstrap-least square method coefficients of the closest 5 month are finally calculated and shown in Table 4 . Table 4 The maximum entropy assessment results of the closest 5 month. Table 4 , the prediction value and the upper and lower bounds of linear fitting coefficients are obtained for the closest 5 variation intensities at each time period. Taking them into fitting equation, and let I=6, the prediction value λ 0 and the upper and lower bounds [λ L , λ U ] of variation intensity are then acquired for the 6th, 7th, 8th, …,15th month, namely,
Time periods
The dynamic prediction of the variation intensity of each time period is finally realized and shown in Figure 6 . Forecast times
Variation intensity
Upper limit Actual value
Prediction value
Lower limit Figure 6 The prediction results of variation intensity for different periods. Figure 6 shows the prediction results of variation intensity of bearing friction torque from the 6th to the 15th month. Among them, the prediction values at the 1st-5th and 10th times (i.e. 6th-10th and 15th month) of variation intensity are almost completely coincident with the actual variation intensity, and the differences between them are very small. And the prediction values at the 6th-9th times (i.e. 11th-14th month) of variation intensity are slightly different from the actual value, but the prediction interval [λ L , λ U ] includes all the actual values. Therefore, the dynamic prediction results of the variation intensity show well for bearing at each time period.
Taking the prediction results of variation intensity from Figure 7 into the reliability formula (18), the prediction value R 0 and upper and lower interval [R L , R U ] can be obtained for the future reliability of friction torque. The dynamic prediction results are shown in Figure 7 . Forecast times Reliability/% Upper limit Actual value Prediction value Lower limit Figure 7 The prediction results of reliability of friction torque at different time periods.
From Fig. 8 , the 8th prediction value (the 13th month) of reliability has larger difference from the actual value, but the difference is no more than 5% and the 10th prediction value (the 15th month) is almost the same as the actual value, which shows that the dynamic prediction results of reliability of friction torque are true and reliable. The prediction upper limit of reliability is up to 100%, and the prediction lower limit is more than 84%, and all the actual value of reliability can be included in the prediction interval, which verifies the prediction model feasibility again.
In order to find the differences between the prediction values and actual values of reliability visually, the relative errors between them are shown in Fig. 8 . Forecast times
Relative error of reliability/% Figure 8 Relative error of reliability between prediction value and actual value.
Conclusion
From the Fig. 8 , the maximum relative error of reliability appears in the 8th time (13th month), but only 4.1% and the minimum relative error appears in the 10th time (15th month), and only 0.1%, which indicates that the prediction results are extremely true and reliable again, and the proposed model can be better applied in engineering practice.
